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operating characteristics (Vps, Vgs). High output im-
pedance is achieved in accordance with the present
invention by adjusting the channel constant (Z/1) of
another transistor (42) in the input circuit branch to be
one-third the value of the channel constant associated
with each of the remaining transistors.

5 Claims, 4 Drawing Figures

lout
VT +2V0H 7/1
48
YoN
Cy———1
VT+V0"
1/L
50 Yo



U.S. Patent Oct. 29, 1985 Sheet 1 of 2 4,550,284

Fl1G. [/
(PRIOR ART)

FlG. 2
( PRIOR ART)

i
IREF y | Loyt

1/41/L L/

20 24
28
j} A
VT+V0H 7 /1
30
VON
[/L L/l

22 26




U.S. Patent Oct 29, 1985 Sheet 2 of 2

|
FIG 3
IREF52
L/L
4()
A VT+2VOH
1/32/71L
42 )VOH
/L
44
40
_T V1+VoN
L/L
VoN 16 3
FlG. 4 '
IREF 15
L/L
60 VT+3VON
T
\/37/L1
62 YoN
V1+2VN
W
1/9Z/L y
64 ON
/L
66

T 711 V1 +VoN
58

YON

4,550,284

|

Loyt

Z/L

48
C4———

ZSIOL Vo
|

LouT

1/1
}m

1/L

72
Yo — '

1/1

74 Von



4,550,284

1
MOS CASCODE CURRENT MIRROR

BACKGROUND OF THE INVENTION

1. Field of the Invention
The present invention relates to an MOS current

mirror and, more particularly, to an MOS cascode cur-
rent mirror arrangement which requires only a single
reference current while providing a large output impe-
dance.

2. Description of the Prior Art

Current mirror circuits are well known 1n the art and
have found uses in a variety of applications. Generally
speaking, a current mirror circuit comprises a pair of
transistors where an input reference current source is
connected to drive one of the transistors. The pair of
transistors are connected together in a manner whereby
the reference current is substantially reproduced, or
mirrored, at the output of the second transistor. In most
cases, the critical factor in designing a current mirror
circuit 1s providing optimum matching between the
reference and output currents. U.S. Pat. No. 4,297,646
issued to L.oCascio et al on Oct. 27, 1981 relates to a
current mirror circuit, comprising bipolar transistors,
with improved current matching provided by utilizing a
single, split collector lateral bipolar transistor.

Current mirrors can also be formed using MOS de-
vices, where one such arrangement is disclosed in U.S.
Pat. No. 4,327,321 issued to H. Suzuki et al on Apr. 27,
1982. The Suzuki et al circuit also includes a resistor in
the input rail between a P-channel MOSFET and an
N-channel MOSFET to minimize the output current
dependency on variations in the power supply. In MOS
technology, small channel length devices are increas-
ingly in demand. In relation to current mirror circuits,
the decrease 1n channel length results in the decrease of
the output impedance of the current mirror. Cascoding
techniques become necessary, therefore, to increase the
output impedance.
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The advantages of cascoding transistors to form a 40

stable current mirror are further exemplified in U.S.
Pat. No. 4,412,186 issued to K. Nagano on Oct. 25,
1983. Like the LoCascio arrangement, Nagano dis-
closes a current mirror circuit comprising bipolar tran-

sistors. In the Nagano arrangement, however, the cir- 45

cuit includes two stages, each having three transistors of
one conductivity type and a fourth of the opposite con-
ductivity type. When the four transistors are matched,
the collector-to-emitter voltages, V cg, of the third and
fourth transistors are equivalent to their base-to-emitter
voltages, V gE.

These and other prior art cascode current mirror
arrangements have not been widely used since they
often exhibit one or more of the following problems:;
insufficient maximum voltage swing, excessive power
consumptton, insufficient output impedance, and inabil-
ity to incorporate into integrated circuit designs.

SUMMARY OF THE INVENTION

The problems associated with prior art current mir-
rors are addressed by the present invention which re-
lates to an MOS current mirror and, more particularly,
to an MOS cascode current mirror arrangement which
requires only a single reference current while providing
a large output impedance.

It is an aspect of the present invention to provide
current mirroring at a high output impedance with an
arrangement of only six MOS transistors which requires
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only moderate power consumption, and can easily be
incorporated into integrated circuits.

Another aspect of the present invention 1s to provide
an MOS current mirror which can operate close to the
circuit supply rails, thus providing a maximum output
voltage swing.

A further aspect of this invention relates to maintain-
ing an output impedance of at least g,,/g,%? while requir-
ing only a single reference current source.

Other and further aspects of the present invention
will become apparent during the course of the follow-
ing discussion and by reference to the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Referring now to the drawings:

FIG. 1 illustrates a basic prior art MOS cascode cur-
rent mirror;

FIG. 2 illustrates an improved prior art MOS cascode
current mirror which comprises three separate circuit
branches;

FIG. 3 illustrates an MOS current mirror formed in
accordance with the present invention; and

FIG. 4 illustrates an alternative MOS current mirror
formed in accordance with the present invention.

DETAILED DESCRIPTION

A conventional prior art cascode current mirror,
formed with MOS devices, 1s illustrated in FIG. 1. As
shown, an input circuit branch comprises an MOS tran-
sistor 10 connected in series with an MOS transistor 12
and an output circuit branch comprises an MOS transis-
tor 14 connected in series with an MOS transistor 16.
The gates of transistors 10-16 are connected together as

shown 1n FIG. 1. A reference current 18, denoted Iggr,
1s applied to the drain of transistor 10 and 1s subse-
quently reproduced, or mirrored, as the output current,
lour, at the drain of transistor 14. Assuming that tran-
sistor 10-16 are well-matched, that is, they all have the
same width-to-length channel ratio Z/L and are all
connected to the same substrate, transistors 10 and 14
wil exhibit the same gate-to-source voltage, and simi-
larly, transistors 12 and 16 will exhibit the same gate-to-
source voltage. Therefore, since the current flowing
through transistors 14 and 16 must match the current
flowing through transistors 10 and 12, Ipyr will be
equal to, or mirror, the reference current Iggr. The
current mirror tllustrated in FIG. 1, however, has a
relatively low output impedance since transistor 16 will
operate 1n its resistive region instead of its saturated
region, thus lowering the impedance seen by the source
of transistor 14.

An alternative prior art arrangement, referred to as
the Gray-Meyer cascode, which exhibits a relatively
larger output impedance, is illustrated in FIG. 2. As
shown, an additional circuit branch is included in this
arrangement. In the Gray-Meyer cascode, a pair of
MOQOS transistors 20 and 22 form the input circuit branch

and are connected in series where the gate of transistor
20 1s connected to the drain of transistor 20 and simi-

larly, the gate of transistor 22 is connected to the drain
of transistor 22. The next circuit branch contains a seri-
ally connected pair of MOS transistors 24 and 26, where
as shown in FIG. 2, the gate of transistor 24 is con-

‘nected to the gate of transistor 20 and the gate of transis-

tor 26 1s connected to the gate of transistor 22. The
remaining circuit branch, the output branch, includes a
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equal to Vr+2Voy and a voltage at node B equal to
V71 and Von Following this premise, the voltage at
node C, defined as the drain-to-source voltage (V ps) of
transistor 50, will be equal to Vop, since a Vr+Vou
voltage drop will occur between the gate and source of

3

pair of MOS transistors 28 and 30 also connected in
series. In particular, the gate of transistor 28 1s con-
nected to the source of transistor 24 and the gate of
transistor 30 is connected to the gates of transistors 22
and 26. A reference current 32, denoted Iggr, is applied 5

to the drain of transistor 20 and is subsequently repro-
duced, or mirrored, at the drain of transistor 28. To
provide the higher output impedance, transistor 30 is
biased on the edge of saturation, with its drain one

tion. |
As shown in FIG. 3, a current mirror of the present
-invention comprises only two circuit branches, a first
- .branch responsive to the input reference current and a

second branch to replicate this current to provide the 40

.mirrored output current. In particular, the input branch
‘comprises a series connection of four MOS transistors
40, 42, 44, and 46, and an input reference current 52,
denoted Ig£er. As illustrated in F1G. 3, the gate of tran-

sistor 40 is connected to its drain and also to the gate of 45

transistor 42. The gate of transistor 44 i1s connected to
the source of transistor 40 and similarly, the gate of
transistor 46 is connected to the source of transistor 42.
The output circuit branch of the present current mirror
comprises a pair of serially connected MOS transistors
48 and 50. As shown in FIG. 3, the gate of transistor 48
1s connected to the source of transistor 40 and the gate
of transistor 44, where this connection 1s defined as
voltage node A, and the gate of transistor 50 is con-

50

transistor 48. Similarly, the voltage at node D, defined
as V ps of transistor 46, will also be equal to Vop, since
a V14 Von voltage drop will occur between the gate
and source of transistor 44. In accordance with the

threshold voltage, denoted V7, more negative than its 10 present invention, the gates of transistors 46 and 50 are
gate voltage, denoted V 1+ Von, where Vonis defined  connected together and are activated by the same gate
as the turn-on voltage of the device. This biasing 1s to source voltage, Vgs, of V74 Vopn. Since transistors
provided by transistors 24 and 26, which generate the 46 and 50, as stated above, have the same V ps, which is
voltage Vr+2V gy at the gate of transistor 28. Transis-  equal to Vo, the same current will, be definition, flow
tor 20 is designed to comprise a channel width-to-length 15 through each device. Therefore, IoyT will be identical
ratio one-fourth that of the remaining transistors to to IrEF, that is, the output branch will mirror the cur-
COmpﬁﬂSH.te for the addition of transistors 24 and 26. rent ﬂowing thrgugh the input branch. Since the volt-
The Gray-Meyer cascode does provide a high output age at node A is forced to be Vr+2Vgpn, the output
impedance, but at the cost of a large power consump- circuit branch will exhibit a large output impedance.
tion, where the presence of the additional circuit branch 20  Providing the required voltages at nodes A and B is
is responsible for the increased power consumption. accomplished using the process explained below. If all
Further, the current Irgrwill never be duplicated accu-  of the transistors illustrated in FIG. 3 are source-sub-
rately in the middle circuit branch since the drain-to- strate connected, the threshold voltage, V1, of each will -
SOuUrce VOltages of transistors 22 and 24 are inherently be the same by definition. Providing 3 VDS of transistor
different. | | | L 25 43 equal to Vo is accomplished by operating transistor
An MOS cascode current mirror Wh}Ch exhibits a 42 in its resistive region, where connecting the gates of
large output impedance and is formed in accordance  transistors 40 and 42 forces transistor 42 to remain in its
with the present invention is illustrated in FIG. 3. The resistive region. Determining the necessary Z/L for
~-arrangement shown, similar to the previous prior art transistor 42 is provided by the following calculations,
~ circuits, includes N-channel MOS devices. However, it 30 yhere the current flowing through transistor 40 is as-
-is to be understood that a current mirror formed in sumed to be equal to the current flowing through tran-
- accordance with the present Invention coulq also be sistor 42, and Vou is defined as the turn-on voltage of
formed from P-channel devices and the choice of N- transistor 40. Standard I-V relations for MOS devices
channel devices in this instance 1s solely for the purpose results in
of illustrating an exemplary embodiment of the inven- 35

.2 (1)

= ColZ/LN[2(VGs) — VD Vst — Vpsil =

M

5~ Co(Z/LnlVas: — V%,
where (Z/L); is the channel constant of transistor 42,
Vgsi is the gate-to-source voltage of transistor 42,
V psi is the drain-to-source voltage of transistor 42,
(Z/L)> is the channel constant of transistor 40, and
VGsz 1s the gate-to-source voltage of transistor 40. If

Vesi—Vr=2Von. and (2)

Vos:— Vr=Von, » (3)
as seen by reference to FIG. 3, then

Vosi=VGs1—¥Ves2=Von. (4)

ﬂi‘fffsd ézﬁi‘:dg;;igft;;“fl‘;fgf’ Where this connec- 53 Substituting equations (2)-(4) into equation (1), and
In accordance with the present invention, reference simplitying,

current 52, is coupled to the drain of transistor 40 and is (/N[22 omVon— Vort)=(Z/LylVoni (5)

subsequently reproduced as Ilpyr along the output

branch, as explainec} below in detail. It @s to be noted 60 g ipar simplification yields

that transistor 42 is formed to comprise a channel

width-to-length ratio, Z/L, one-third that of the re- (Z/L)[3Von*1=(Z/Ly[Von* or (6)

maining transistors. The purpose of this size difference

is critical to the performance of the present invention (Z/Ln=MZ/L)3. (N

and will later be discussed in detail. 65

The basic premise of the present invention 1s to pro-
vide a current mirror with a large output impedance,
where this results from creating a voltage at node A

Therefore, in accordance with equation (7) if all of
the transistors are source-substrate connected and tran-
sistor 42 comprises a channel constant, Z/L, one-third
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that of transistor 40, the voltages necessary at nodes A
and B to provide a high output impedance will be gen-
erated. If Z/L of transistor 42 is formed to be less than
one-third the Z/L of transistor 40, the voltage at node
A will increase, thus insuring that transistor 50 operates
well into 1ts saturation region, providing an even
greater output impedance. Additionally, if all of the
transistors are not source-substrate connected, the Z/L
of transistor 42 can be made as small as necessary to
provide a Vpg of transistor 42 equal to Von and still
provide a large output impedance. In general, the out-
put impedance of this arrangement is defined by the
quantity g./g0.2, gm is defined as the small signal trans-
conductance and g, 1s defined as the small signal output
conductance. Additionally, the output voltage of this
arrangement of the present invention can go as low as
2V o above the source of transistors 46 and 50 and still
provide an output impedance of approximately g,,/g,°.

An even greater output impedance, on the order of
gm?/g,°, at a minimum output voltage of 3Vn can be
obtained with an alternative circuit arrangement of the
present invention, as illustrated in FI1G. 4. Similar to the
previous embodiment, the current mirror illustrated in
FI1G. 4 comprises an input circuit branch and an output
circuit branch. The input circuit branch includes a se-
ries connection of five MOS transistors 60-68, and an
input reference current source 76, denoted Izgr As
seen by reference to FIG. 4, the gate of transistor 60 1s
connected to its drain, and also to the gates of transis-
tors 62 and 64. The gate of transistor 66 i1s connected to
the source of transistor 62 and similarly, the gate of
transistor 68 1s connected to the source of transistor 64.
The output circuit branch of the current mirror illus-
trated 1in FIG. 4 comprises a series connection of three
MOS transistors 70-74. As shown, the gate of transistor
70 1s connected to the source of transistor 60, where this
connection is defined as voltage node T. Also, the gate
of transistor 72 is connected to both the source of tran-
sistor 62 and the gate of transistor 66, where this con-
nection is defined as voltage node W. Lastly, at a volt-
age node X, the gate of transistor 74 i1s connected to
both the gate of transistor 68 and the source of transistor
64.

In accordance with the present invention, reference
current 76, 1s coupled to the drain of transistor 60 and is
subsequently reproduced as Ipyr along the output cir-
cuit branch. It 1s to be noted that transistor 62 comprises
a channel constant of §Z/L and transistor 64 comprises
a channel constant of 1/5 Z/L in order to provide the
- voltages necessary at nodes T, W, and X to provide an
output impedance of approximately g,,2/g,3.

Applymmg the same premise as used in association
with the description of the previous embodiment of the
present invention, the voltage at node T must be equal
to Vr+3Von, the voltage at node W equal to
V1+2VonN, and the voltage at node X equal to
Vr+Von. As before, current mirroring at a high out-
put impedance will be achieved if transistors 68 and 74
comprise indentical characteristics. Here, the voltage at
node Y, defined as V pg of transistor 74, will be equal to
Von, since a Vr+ Voun voltage drop will occur be-
tween the gate and source of transistor 72. V pgof tran-
sistor 68 is also equal to Vp, since a Vr+ Vo voltage
drop will occur between the gate and source of transis-
tor 66. Since the gates of transistors 68 and 74 are cou-
pled together and connected to the source of transistor
64, and each has the same V pg, which is equal to Vo,
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the same current will, by definition, flow through tran-
sistors 68 and 74, thus forcing Ipyrto be equal to IreF
In order to provide the necessary voltages at nodes T,
W, and X, the same process as described above in asso-
ciation with FIG. 3 must be followed. Again, for the
purposes of the present discussion it will be assumed
that all of the devices are source-substrate connected so
that each has the same threshold voltage V7. Providing
V ps of transistors 62 and 64 to be equal to Vo is ac-
complished by operating both transistors in their resis-
tive region, as a result of connecting the gates of transis-
tors 62 and 64 to the gate of transistor 60. To determine
the necessary Z/L for transistors 62 and 64, the current
flowing through transistors 64, 62, and 60, defined as I,
I, and I3, respectively, are set equal to each other,
where this can be expressed by the following relation

Cy , (8)
p—— (Z/Ly2(VGs1 — VD)¥Vps1 — Vipsil =
Co ,
p—— (Z/Ln2(Vgs: — VDVps: — Vsl =
Co 5
b= (Z/L)3Vess — V-
If

VGsi— Vr=3Von, (9

Vesz—Vr=2Vopy, and (10)

Vess— Vr=Von: (11)

then as seen by reference to FIG. 4,

Vpsi=Vgs1—Ves2=Von, and (12)

Vps:=VGs:—Vasi=Von. (13)
Substituting equations (9)-(13) into equation (8) and
simplifying,

(Z/IN2GBVomVon—Von1=(Z/L)[22Von)-

Von—Von*1=(Z/L)3[V on]* (14)

Further simplification yields

(Z/IN[SVONT)=(Z/L)2{3VoN*1=(Z/L)3[Von*], or (15)

(Z/L)w=1/5(Z/L)3, and (16)

(Z/Ly=3(Z/L);. (17)
Therefore, 1n accordance with the present invention, if
transistor 62 comprises a Z/L one-third that of transis-
tor 60, and transistor 64 comprises a Z/L. one-fifth that
of transistor 60, the voltages Vr+3Von, VT4+2Von,
and Vr+ Vopn can be generated at nodes T, W, and X,
respectively, thereby providing on MOS current mirror
with an output impedance on the order of g,,2/g,°.

What is claimed 1s:

1. An MOS current mirror including an input circuit
branch and an output circuit branch, where the input
circuit branch 1s responsive to a reference current and
the output circuit branch mirrors the reference current
to produce an output current substantially equal to said
reference current, the input branch comprising

a series connection of a plurality of four MOS transis-

tors each MOS transistor having a gate, a source,
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and a drain electrode, where the drain of the first
MOS transistor is responsive to said reference cur-
rent and the gate of said first MOS transistor i1s

connected to both said drain and the gate of the
second MOS transistor, the gate of the third MOS
transistor is connected to both the source of said

first MOS transistor and the drain of said second
MOS transistor, and the gate of the fourth MOS
transistor is connected to both the source of said
second MOS transistor and the drain of the third
MOS transistor; and

the output branch comprising
a pair of MOS transistors each MOS transistor having

a gate, a source, and a drain electrode, where the
- gate of a first MOS transistor of said pair of MOS

transistors is connected to the source of said first

MOS transistor of said input circuit branch and the

gate of the remaining MOS transistor of said pair of

MOS transistors is connected to the gate of said
fourth MOS transistor of said input circuit branch,
wherein

each MOS transistor of both said input and said out-
put circuit branches comprises a channel constant
defined by its associated channel width divided by
its associated channel length, wherein the channel
constant of said second MOS transistor of said
input circuit branch is at most one-third the value
of the channel constant associated with the remain-
ing MOS transistors, where each of the remaining
MOS transistors comprises substantially identical
channel constant.

2. An MOS current mirror as defined in claim 1

wherein

the input circuit branch further comprises an addi-
tional MOS transistor connected in series between
the second and the third MOS transistors, where
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8 .
the gate of the additional MOS transistor is con-
nected to the gates of the first and second MOS
transistors and the channel constant of said addi-
tional MOS transistor is at most one-fifth the value
of the channel constant associated with the remain-
ing MOS transistors;

and the output circuit branch further comprises an

additional MOS transistor connected in series be-
tween the pair of MOS transistors, where, the gate
of the additional MOS transistor 1s connected to
the source of said additional MOS transistor of said
input circuit branch.

3. An MOS current mirror as defined in claims 1 or 2
where each MOS transistor 1s an N-channel type MOS
transistor.

4. An MOS current mirror as defined in claims 1 or 2
where each MOS transistor 1s a P-channel type MOS
transistor.

S. An MOS current mirror circuit comprising an
input circuit branch and an output circuit branch
wherein the imput circuit branch 1s responsive to a refer-
ence current and the output branch mirrors the refer-
ence current to produce an output current substantially
equal to said reference current, each circuit branch
comprising a plurality of source-substrate connected
MOS transistors wherein each MOS transistor exhibits
a substantially identical threshold voltage, V1, said
input and output circuit branches interconnected such
that a first interconnection will exhibit a voltage ap-
proximately equal to the quantity V742V gy, a second
interconnection will exhibit a voltage approximately
equal to the quantity Vr+ Vopn, and a third intercon-
nection between the input circuit branch and the output
circuit branch will exhibit a voltage approximately
equal to the quantity Vr+-3Vou.

x E * * L
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